Plasma-aided manufacturing, the use of electrically charged particles in the manufacturing process, is used lor producing new materials with unuslUJl and superior properties, for devel 
for altering and refining materials and surfaces.
In order for plasma technology to be used in manufactur ing, it is necessary that superior products result, the plasma technology be more economical, or the processing result be unattainable by other methods. However, plasma-aided manufacturing is now at a critical point in its development . In the past, it bas been possible to produce "industrial" plasmas for use in manufacturing with limited knowledge of the plasmas, their chemistry, their specific process control, quality and productivity improvement, and sophisticated production techniques. Now our industrial colleagues tell us Manuscript received November i. 1991; revised April 6. 1992 . This work was supported by the National Science Foundation under grant ECD-
8721�45.
The author is with the Engineering Research Center for Plasma-Aided An illustrative diagram of the various reactions taking place in a plasma processing reactor is shown in Fig. 1 . Every plasma reactor incorporates the following processes To maintain the discharge, ionization must occur so as to sustain the plasma. Electrons are needed to dissociate the Feedstock gases to produce fragmented neutrals that are chemically active (free radicals). In addition, the ions are often needed. either by themselves or in conjunction with other species in the plasma, to produce the needed chemical reactions, in the plasma itself or on the surface of the material to be processed. Often, the gas-phase chemical reactions tend to be a loss mechanism for the free radicals, similar to the recombination processes for charged particles. On and thrust areas. Each of them, for example. has surface and materials issues; needs knowledge of the gas and surface temperatures and the densities of the various species making up the plasma; and needs to develop a modeling capabil ity that can pre di ct the properties of the materials being processed. To ensure suppon to the thrust areas and to provide connections across them. the ERC has established three s uppon groups in the areas of diagnostics, theory and modeling. and engineering statistics. We anticipate that additional support groups may be established if funds permit, especially in the area of manufacturing systems. Accordingly, the relationship between the "external" process variables, such as RF power. gas pressure, gas How rate, etc.. which are those variables that can be set externally to the reactor; and the "internal" process variables. such as charged particle. free radical and neutral particle concentrations and ftuxes need to be determined. As an example of how a given Thrust Area is organized in the ERC to meet this requirement is shown in Fig. 3 .
Finally. in order for plasma-aided manufacturing to con tinue to have an impact o n t he competitiv eness of U. S. industry, it will be necessary to have future generations of engineers advance the technology of our field. Thus . our educational program is woven entirely within the fabric of our ERC. Each thrust area involves students at the undergraduate and graduate levels which exposes them to the ERC concept in the course of their activities in the research program. We also have a major effort in education involving e1 ementary-. middle-. and high-school students. undergraduates enrolled at other colleges and universities. and adult stud ents returnin g to higher education.
II. STRATEGIC GOALS
The strategic plan of the ERC is summarized in the following goals:
• Develop new proc esses to ensure th at plasma-aided manufacturing will satisfy the present and future re quirements of industry.
• Develop new diagnostics. sensors. modeling. statisti cal, and control strategies for plasma-aided manufac turing.
• Use an d develop modem statistical techniques of ex perimental design and analy sis to: I) accelerate the ex perimental work of the Engineering Research Center; and 2) to bring new industrial processes on line with high productivity. high quality. and high rel iability .
• Conduct the necessary basic science and engineering support studies needed to fulfill the mission of the ERC.
• Provide a unified cross-disciplinary experience for the large number of students interested in entering this exciting and demand ing field of high technology, and expose a large segment of the graduating engineers to new concepts of design and systems in tegration in this area.
• Foster and mainta in s trong relationship s between uni versities, industry. and government for information exchange and technology transfer.
Advances in the research base will contribute new insight for the long-term improvement of plasma-aided manufac turing. Each thrust area has varying levels of research-base advances; however, these advances are not exclusive to the thrust area in which they are investigated. Collaboration and exchange of results occurs on a continuous basi s across thrust areas.
In connection with monitoring and control of the man ufacturing processes, for example. three important plasma diagn ostics, which we are imple menting. have not routinely been used in industry for control and monitoring. They are: laser-induced fluorescence (2] , infrared diode laser
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Type of " .. mil Proce .. absorption [3] . and vacuum ultraviolet (VUV) emission. We are also planning to implement Fourier-transform infrared spectroscopy in the coming year. To advance the research base in this area. we are interfacing these diagnostics with a number of reactors currently available and constructing new prototype systems that can be used to determine and control the critical process parameters for a viable system for both etching and deposition.
Advances will also be made toward a better under standing of nucleation. growth. surface diffusion. interfa cial roughness. stress. and surface chemistry of plasma deposited films. We are determining the influence of plasma processing parameters on these properties using a variety of in situ diagnostics. Particular attention will be directed toward understanding the plasma chemistry using our new diagnostic tools (IR absorption. laser-induced fluorescence).
An important effort will be directed toward modeling of produced. optimized and scaled to a manufacturing process.
3) Broaden the engineering base associated with ther mal plasma chemical vapor deposition necessary for developments on an industrial scale, and gain an understanding of the correlation between the plasma parameters in the plasma spray process so as to optimize the properties and quality of the coatings produced.
4) Detennine die relationship between plasma parame
ters and the quality of the deposited andlor i mplanted material properties so as to develop processes and controls and to extend the method to the treatment of new materials.
These technological and research strategies have bee n further cultivated in the fonn of research strategies for each of the four thrust areas and support groups.
III . UNIQUE RESEARCH ISSUES
We show here a caps ule summary of the current status of the activities in each thrust area being undertaken in the ERe. Upon examination of them. it is clear that although some of these could certainly be undertaken by an individual principal investigator. the combined effort is greater than the sum of the parts-in both effectiveness and coo rdination.
In thrust area I. etching experiments are underway in three plasma-etching tools (a 13.56 MHz parallel plate syst em. a magnetically confined 13.56 MHz reactor sys tem, and a 2.45 GHz electron cyclotron resonance (ECR) system). with wafers patterned with both X-ray lithography and conventional lithography. A variety of diagnostics have bee n operated in all tools. In the ECR tool. the combination of modeling and data from three diagnostic technique s laser-induced ftuorescence (LlF). Langmuir probes. and a new pitch-angle diagnostic (PAD) has yielded a consis tent picture of the ion distribution function at the wafer sheath-plasma boundary. The ion energy both parallel and perpendicular to the magnetic field was found to be much less than previously suggested [4] . Modeling of the ECR plasma shows that charge exchange has three effects; the ambipo]ar potential is reduced lowering the maximum ion energy. ion velocity is slowed by collisions. and a cold ion species is produced by charge exch ang e [5] . [ There are four thrust-area leaders and three support-group leaders who supervis e the day-ta-day activities of the thrust areas and support groups and participate in setting policy through an executive committee.
The executive committee reviews and advises the ERe Director on research. administrative, and policy issues of the ERe. The committee consists of the director, assistant director, laboratory manager, thrust area leaders, support group leaders, the dean of the college of engineering, and selected representatives from the colleg e and the ERe. The budget committee consists of the thrust area and support group leaders.
The Industrial Policy Board reviews the ERC's activities and advises the director and the executive committee. In ad dition, Te chnical Advisory Boards (one for each thrust area) have been established to participate in setting the direction of the ERe's research. The Industrial Policy Board consists of selected representatives from the industrial partners who represent each of the thrust areas. 1be Techni cal Advisory Boards consist of representatives from each of the industrial partners who are interested in the activities of that area. Figure 4 shows an organizational chart of the ERe. To facilitate the development and management of such a cross disciplinary Center, the director may delegate some of PROCEEDINGS OF THE lEE£. VOL. 81 . NO. I. JANUARY 1993 the responsibilities to the Assistant director, laboratory manager, andlor thrust area and support group leaders.
The ERC has a stated policy that single-investigator and single-discipline projects will not be supported. This policy embodies the mission and goals of the ERC and is supported by our industrial partners. Our advisory boards, as well as all of our industrial partners, review and evaluate research progress and proposals. The Industrial Policy and Te chnical Advisory Boards are composed of persons with diverse backgrounds to ensure cross-disciplinary integra tion of ideas and make recommendations to the executive committee concerning inclusion and exclusion of projects. The Technical Advisory Boards meet at least twice during the year and the Industrial Policy Board meets at least three times during the year with additional conference call meetings. In addition, all projects are discussed at the ERC's midyear review in April, and written evaluations are collected at the ERC's Annual Meeting in December from all of our industrial members. The director makes final project inclusion/exclusion decisions and allocation of funds based on the recommendations by the Budget Committee , the Executive Committee, the Industrial Policy Board, the Technical Advisory Boards, and the written evaluations by our industrial members. Those research projects that exemplify high-quality work and fit with the mission and goals of the ERC will be considered for funding.
The ERe is currently staffed by 29 faculty. 22 academic and postdoctoral staff, 53 graduate students, and 20 un dergraduate students. All of these groups maintain major roles in the ERC. The academic staff provide the continuity and expertise needed to sustain the ERC's programs over a considerable period of time. Responsibility for the academic staff resides with the director and the executive committee, and includes salary increases and promotions, and ma . tters related to hiring and retention of the staff. Each academic staff member and postdoctoral fellow is asked to write an annual report describing their activities in detail. This report is used for evaluation purposes for merit-based salary increases and/or promotion.
Since faculty members are part of an academic depart ment in their University, the ERC cannot directly affect the promotion and/or salary determinations. However, cross disciplinary research efforts and formal joint appointments are now recognized and widely accepted in major research institutions. The ERC Director writes to the Chairs of the academic departments to provide supporting material describing the activities of ERC faculty members. Three faculty members in the ERC have now received tenure partly as a result of their activities in the ERe.
V. CRoss-DISCIPLINARY NATURE
A representation of how cross-diSCiplinary the Center has become is shown in Fig. 5 . Each thrust area and support group is shown in this figure with a breakdown by academic discipline in the categories of faculty, professional staff, graduate. and undergradu ate students.
VI. EDUCATIONAL IMPACT
In order for plasma-aided manufacturing to have an impact on the competitiveness of U.S. industry, it will be necessary to have future generations of engineers ad vance the technology of our fi eld. Through our industrial interactions, we have become aware that there are not enou gh students trained in the cross-disciplinary approach necessary to ensure the advancement of plasma-aided man ufacturing. We are also concerned that engineers in industry today are not aware of the latest developments in the field. Since each thrust area and support group is comprised of students at the undergraduate and graduate levels, these students are exposed to the ERC concept in the course of their activities.
Plasma manufacturing systems tend to be very complex and cross disciplinary, from the standpoint of both the actual plasma-material interactions and the manufacturing systems. Students require training in both aspects of the problem in order to become effective in transferring this technology to industry. It is also clear that training students to follow what has been done in the past is no longer sufficient to advance the field. Rather, students will need to integrate knowledge from many disciplines.
The presence of our ERe has resulted in the development of new courses and laboratories, both at the graduate and undergraduate levels. The cross-disciplinary research groups themselves have already shown major changes in the nature of research topics, many of which could not have been done without the Center's presence. In addition, we strive to develop an outreach program thaI' exposes elementary-, middle-, and high-school students, undergrad uate and graduate students at other universities, and return ing adult students to science, engineering, and plasma-aided manufacturing. We recognize the importance of educational activities that involve our industrial partners and are work ing toward developing educational ties with them.
The ERC's weekly seminar series is now videotaped and is made available to our industrial partners and the ERC faculty, staff, and students. Since our ERC is a ''two-site'' activity at both the Univer sity of Wisconsin-Madison and the University of Minnesota and because communication among faculty, staff . and stu dents in the entire ERC is of paramount importance, we bring all the faculty. staff and students together on a regular basis to present and discuss each student's research activities.
The ERC staff and student research boo k. which de scribes the individual staff and students and their research projects and interests. was initiated last year and is now being updated. It is distributed to all of our industrial partners and to the ERe's faculty, staff, and students to further develop crosS-disciplinary communication and to stimulate direct contact between ERC participants and in dustrial representatives. Our summer intern program places 10-15 ERe undergraduate and graduate students, staff, and faculty at industrial sites.
To encourage precollege students to enter the field of science or engineering, we are conducting and planning several activities at the elementary through high-schoo l level. At the elementary-school level, the ERC will again be panicipating in the University of Wisconsin-Madison's ''College for Kids" program this summer. The program brings students from local elementary schools to the Uni versity of Wisconsin-Madison to spend three weeks with ERC faculty and staff learning about two fi elds of study and participating in hands-on experiments.
For high-school-level students, a team of University of Wisconsin Society of Women Engineers undergraduates makes a presentation on science, engineering, and plasma aided manufacturing to high-school chemistry, physics, and mathematics students. These programs will be expanded in the future to include middle schools and other high schools in the region. The ERe also holds a "Saturday Enrichment Program" for middle-school students entitled "Plasmas, Electricity and Electronic Measurements. " The course was open to students in grades 5-8 who were interested in the subject. The course was full; IS students participated by coming to the ERe for class every Saturday for six weeks. A new project in interacti ve computing software using plasmas is now. underway and being fi eld tested in the K-12 grades.
A microfabrication demonstration kit to be used as a teaching tool in K�12 education has bee n developed in conjunction with AAAS Project 2061: Science for All Americans. The objective of Project 2061 is to revamp the K-12 science and engineering curriculum in· the United States. The microfabrication kit is being disseminated with the aid of the Lawrence Hall of Science at the Univer sity of California-Berkeley and the Institute for Chemical Education (ICE) at University of Wisconsin-Madison. The kit consists of a fully processed silicon wafer, an electronic circuit board, a microfabrication mask, packaged chips, and a set of overhead transparencies for classroom use. The materials for the kit were donated by our industrial partners, and the University of Wisconsin-Madison. Approximately 100 kits have bee n distributed to date in more than 30 states. The pedagogical objectives are to stimulate student interest in science and technology and to provide teachers with a starting point for activities in electronics. ]n phase 2, the kil will contain hands-on projects that students can build to illustrate the fundamental notions of logic circuits. A presentation about the kit was given at the National Science Teachers' Association Annual Meeting in Houston in March 1991. The 
In the 1990-91 academic year, we selected three SWE and one WBESS candidate to receive internships. During the summ er of 1991, one of the SWE interns will be participating in our industrial summer intern program as well. The ERC has also established a summer internship for faculty of the Madison Area Technical College who are involved in the education of students pursuing careers in technical fields related to plasma-aided manufacturing. By becoming familiar with plasma-aided manufacturing, we envision that these faculty members will be better able to ensure a supply of technically trained personnel for this field.· For continuing adult education �d community service, several short courses on thermal plasma processing are being presented to industry. These courses were offered in conjunction with the Materials Research Society Meeting (April 1990) and the Plasma Spray Conference (May 1990). In April 1991, the ERe, together with the Department of Engineering Professional Development, made available to its industrial partners the short course Designing Industrial Experiments: The Engineers Key to Quality.
The education activities of our ERC are important and growing. To ensure that this will continue, the ERC has now established an Education Committee composed of faculty and administrators from within and outside of the ERC to coordinate and integrate the ERe's educational mission.
VlI. PROCESS AND IMPACT OF INDUSTRIAL INVOLVEMENT
Our ERC has a unique position in that plasma technology is very widespread throughout a broad cross section of industry. However, in many cases. it is often not the major part of a particular company's business. As a result, present and potential industrial users of plasma technology often forego its development unless it is the only way that a particular manufacturing step can be accomplished or it can be shown to be more economical than competing 
Tec hnology transfer to industry requires a continuous interaction between our partners and ourselves. Our goal is to develop our technology to the point where industry can "take it over." As a particular example of this, one industrial partner is constructing a plasma source ion implantation chamber at their Tec hnical Center, and has been working direc tly with ERe personnel from the outset. Thrust The strategy of thrust area I is to cluster as many .diagnostics as possible at each type of tool so that the plasma parameters are overdetermined in the sense that more than one diagnostic will provide overlapping data. The diagnostics that are currently operational in the etching area (and coordinated by the diagnostic support group), are Langmuir probes (both collecting and emitting). laser induced fluorescence (LlF), infrared absorption (IR), visible and vacuum ultraviolet (VUV) emission, and quadrupole mass spectrometry (QMS). A new type of measurement de vice, a pitch-angle diagnostic (PAD), is under developmcnt.
In addition, a He-Ne laser interferometer is being employed in the RIE system for in situ ctch rate measurements and feedback control.
In our study of conventional and novel etching tools, our approach has been two-fold: I) establish the scaling of plasma parameters (e.g., ion densities and energies. elec tron temperatures. radical concentrations, etc.) with process control parameters (e.g., power, pressure. gas composition, locities both parallel and perpendicular to the axis of the system. Infrared absorption is being used to detennine the absolute and relative densities of free radicals in the plasma.
Several radicals in the ECR system, such as CFz and C2F6. have already been studied and work is continuing to establish how these radical concentrations scale with the process control parameters. The measurements of CF2 con centration in an ECR reactor fo r various plasma conditions are shown in Fig. 7 .
Visible optical emission and QMS are easily portable diagnostics and therefore are employed on all three systems as needed. The MRF system has served as the primary test bed to the VUV emission measurements. While many of these measurements have already yielded valuable data. we will continue applying these diagnostics to our three-etching systems to obtain more complete data on the scaling of plasma parameters with process parameters and to elucidate the relative advantages and disadvantages of the three systems. Results from the Theory and Modeling Support Group will also be used in our evaluations.
As pan of our effort to investigate the scaling of the different etching techniques and to compare them, we are looking at how actual etching results relate to results from our numerous diagnostics measurements. In particular, we wish to look at how etch profile, etch rate. selectivity, and Iinewidth reproduction correlate with plasma parameters. A prerequisite to these experiments is the generation of wafers patterned with an appropriate ph otoresist mask. We have the capability to generate these photoresist patterned wafers at both the Center for X-ray Lithography (CXrL) and the Wis-consin Center for Applied Microelectronics (WCAM). The facilities at CXrL are employed for submicron Iinewidth generation. Experiments aimed at investigating the integrity of the X-ray resists during plasma etching in the RIE system are in progress. Future experiments will be aimed at etching and maintaining the narr ow linewidths obtained from X-ray lithography. Photoresist processing experiments with conventional photoresists are also in progress at the WCAM for Iinewidths greater than 1.5 microns. While the current photoresist process available in the WCAM does not generate ideal line profiles. the process is suf ficient for our etch rate and selectivity studies on our various etching tools. We also benefit from the donation of wafers by our industrial partners. The RJE system serves as our benchmark system, providing a baseline for comparison among the three tools. For our initial etching experiments we have chosen to etch silicon dioxide with CF4/02/CHF3 gas mixtures. Future studies will be aimed at either silicon or metal etching with chlorine-based chemistries.
Our fourth overall goal to develop control strategies and techniques is also being addressed. Some fe edback control studies have been conducted on the RIB system using the in situ etch rate measurement from the laser interferometer as the process monitor. Future studies are planned using fe edback from mass spectrometry and optical emission as the process monitor. Attempts will be made to implement the less complex diagnostics, such as visible and VUV emission and QMS, in industrial settings.
After evaluating the relative advantages and disadvan tages of the RIE, ECR, and MRF etching tools, it should be possible (by the fo urth year) to devote considerable effort to new techniques such as helicon and inductive plasma sources. Initial studies of such techniques are planned fo r the near future. Other novel diagnostics, such as microwave interferometry •. VUV LIF, ellipsometry. or in situ surface diagnostics. will be phased in. if time and budgetary con straints permit.
B. Thrust Area 2-Plasma Deposition and Polymerization [38]-[50]
Thrust area 2 foc uses on the plasma deposition of poly meric films. silicon compounds and the surface modification of polymeric materials. The goal of thrust area 2 is to develop the diagnostics, modeling and control techniques necessary to use these processes effec tively in industry . This thrust area has a very large number of potential applications and as a reSUlt. although it is necessary to emphasize only a nominal number of processes, we believe that the techniques we are implementing will have applica tions to a wide variety of plasma deposition processes. A new parallel-plate l3-MHz reactor called the parallel·plate plasma polymerization (P4) will become the engineering test bed for a number of these. P4 has been designed to ensure compatibility with the diagnostic tool s being developed in the ERC. It is also computer controlled to fac ilitate real-time control of the deposition process and the acquisition of diagnostic data. The current material under 70 test in this system is polymethylmethacrylate (PMMA). This material is deposited on silicon substrates that can either be coated with a conducting or insulating fi lm or be uncoated. The deposition pressure is approximately 100 mTorr. Subsequent modifications to the reactor will include the use of ECR. RF induction, and/or magnetically confined plasma sources.
Several. additional projects have bee n suggested by our industrial partners. These include the deposition of silicon containing compounds. the deposition of barrier coatings for polymer materials and plasma treatment of fibrous materials. Should funds be made available. thrust area 2 will expand in these directions.
The research objectives of thrust area 2 are: I) optimize plasma deposition and/or polymerization process parameters with respect to key material prop erties such as dielectric permittivity as a function of wavelength. residual stress and adhesion to a variety of surfaces; 2) understand the relationship between plasma parame ters and the material properties listed in (1); 3) develop a model for the plasma kinetics of the poly merization process; and 4) investigate applications using the plasma-deposited films. These include a deep UV PPMMA conformal photoresist for three·dimensional applications. the fabrication of polymer channel waveguides having graded index behavior along the potential applications for barrier coatings deposited on the inside or outside of hollow shapes and the use of less harmful sub stitute materials for deposition of silicon-containing compounds.
The fi ve-year plan for thrust area 2 is shown in Fig. 8 . Recent accomplishments of thrust area 2 are: 1) the design and fabrication of a new 13.5-MHz parallel plate reactor system optimized for use with diagnostic tools;
2) the optimization of the plasma deposition of PMMA for use as a deep UV photoresist using statistically designed experiments; 3) PPMMA films having a thickness uniformity of 5% over a 4-in. wafer are deposited at a rate of up to 700 Almin. The refrac tive index in the visible can be varied over the range of 1.52-1 .62 by varying the RF power during film deposition. The resolution of the deep UV photoresist is better than 1.5 m at 250 nm; and 4) the beginning of a collaboration with industrial part ners on the measurement of residual stress in PP MMA films.
The variation of the index of refraction of PPMMA that can be achieved as a function of RF power for red, gree n. and blue light is shown in Fig .. 9 .
The fo llowing material describes the activities for thrust area 2 in more de tail showing how the ERC environment has directly affected tile nature of the research to be performed. PNlll lUrti . 60 mT Tim. " 10 min. 9 . Va riation of the index of refraction of PPMMA -deposited films a. , a fu nction of RF power.
DEPOSITION POWER
J) Plasmtl Poiymeri:;,otion: The new 13.56-MHz parallel plate deposition reactor is being outfitted with a PC-based controller so that automated deposition processes will be possible. This will fac ilitate the statistical ex.periments and the use of stati stical process control. In addition, now that we have a stable baseline process. we are in a position to begin to use diagnostics to monitor plasma parameters.
These diagnostics inc lude Langmuir probes. optical emis sion spectroscopy. laser-induced fluorescence. and possibly mass spectrometry . These wi ll allow the determination of electron temperatures and densities. reactive species present and their concentrations. and plasma potential. These data will be used in conjunction with the plasma modeling effort to help understand the plasma kinetics and the surface and growth kinetics of the plasma polymer. The modeling effort uses a partic1e-in-cell approach to model plasma kinetics. As the diagnostic tools come on line.
statistical techniques will be used to determine how the plasma process parameters (such as power. flow rate. and pressure ) are related to the internal plasma parameters (such as electron density and temperature) and how the plasma process parameters are re lated to the desired materials properties (such as refractive index.. dielectric behavior.
and residual stress). Given this information. it will be possible to tailor the materials properties of the deposited polymer films. In particu lar. we plan to fabricate polymer channel waveguides with graded indices of refraction for waveshaping application s in photonics. In order to achieve this goal, we need to deposit films on the order of 5-10 II in thickness. This will require that the deposited films have minimal residual stress. A major research goal is to use statistics, diagnostics, and modeling tools to de velop a mechanistic model for residual stress in PPMMA films. Z) ECR Deposition: This activity is a collaborative ef fort between the ERC and several industrial partners. We plan to optimize the deposition process in order to insure the desired materials properties of deposited films. The materials systems of interest are alternate vapor sources for the deposition of silicon compounds. The source most frequently used now, silane, presents safety hazards as it is explosive when exposed to ambient air. We plan to use a low temperature ECR deposition system in this phase of the work. ECR has a number of promising advan tages for deposition and we expect to determine and optimize its effectiveness by use of the diagnostics and modeling methods made available through the Center.
One industrial partner will provide the ERC with a number of novel liquid-vapor sources to use as silane gas substitutes in the ECR deposition of silicon nitride, which is of great interest to semiconductor manufacturers. The ERC diagnostics will be used to develop an understanding of the nitride deposition process. In particular, as · the chemical kinetics are understood. we expect to interact with. our industrial colleagues to design more advanced molecules which will minimize unwanted free-radical composition. The deposited films will be characterized using fac ilities available on campus. The chemical composition will be investigated using Auger and ESCA. The refraCtive index in the visible will be measured using a th ree-color ellipsometer and the dieleCtric behavior will be characterized using a parameter-analyzer system available to the ERC. Another industrial partner will concurrently deposit nitride films using silane gas mixtures in an ECR reactor. These films will be characterized there and the properties will be compared to those deposited with the alternative sources.
3) Plasma-Deposited Barrier Coatings: Several of our in dustrial partners have expressed an interest in develop ing plasma deposition sources and processes for surface selective deposition of barrier coatings in or on fo rms of varying shape and scale. Barrier coatings are required on certain containers to prevent the permeation of gases such as oxygen through container walls or to prevent the escape of vapors out of the container. In certain cases, plasma-deposited coatings have either a processing or ·a performance advantage over conventional methods such as coextrusion and wet or gas chemical deposition. As an example, plasma-deposited polymer coatings are highly cross linked, and the deposition process does not produce substantial amounts of chemical waste as does a wet chemistry process. Unfortunately, however, many plasma source systems do not physically deposit coatings that conform to the odd shapes of tubes, bottles. and other hollow and reentrant fo rms. 72 We plan to investigate plasma deposition of barri er coat ings with several RF capacitive and inductive plasma sources. Working with our industrial partners. we will apply our expertise in plasma engineering to design sources and processes directed toward a number of contemporary man ufacturing goals. Our activities will draw from nearly every facility and support group within the ERe. Plasma source design and construction will require RF electromagnetic field modeling, 2-D plasma modeling. and much of the Center's plasma diagnostic capabilities, such as electric probes, optical-emission spectroscopy, IR spectroscopy, and mass spectrometry. Process development will require film characterization studies. statistical experimental design, and testing of surface-barri er aging and performance. By placing the source design directly within the context of our partners' industrial applications, we will ensure the transfer of technology and engineering advances.
4) Plasma Modifica tion of Fibrous Ma terial:
The goal of this work is the modification of surface characteristics of te xtiles and composites, while leaving their bulk properties and appearance unaffected. By controlling the composi tion of the plasma. the surface of the polymer can be tailored for a specific end use. Previous work has been done on improving the interfacial bonding properties of carbon. kevlar, glass, polyethylene. polyester and other thermoplastic fi bers.
The primary direction to be followed here is to improve the surface characteristics of fibrous materials (textile ma terials and composites) for wettability (both hydrophilicity and hydrophobicity), static and soil resistance, printing and dyeability. Compared to other treatments plasma processing offers the following potential advantages: lower cost. lower total energy consumption, less required space, more rapid treatment, decrease in proCess liquids. higher reproducibil ity, and less toxicity.
The project will compare the properties. of plasma, chem ically treated. and untreated materials. Their surface and chemical and aging properties will be measured and com pared using the diagnostiCS available in the ERe. Engineer ing statistics will be used to optimize the plasma process. The common plasma diagnostics and modeling developed for all of the projects in the deposition and polymerization area will be employed to determine the plasma properties required for effective treatment. Subsequently. we will examine the feas ibility of scaling up the process to a manufacturing environment.
C. Thrust Area 3-Plasma Synthesis, Sintering. and Sp raying [5 J }- [64 ] This thrust area is divided into three proj ects: I) plasma spraying, 2) thermal plasma chemical vapor deposition (TPCVD). and 3) plasma sintering. The long range goals for thrust area 3 are: I) plasma spraying: to develop design guidelines for plasma spray coating equipment and to implement process controls to assure reproducible coating quality, both within the fr amework: of establishing plasma spraying as an economical manufacturing technology ; 2) thermal plasma CVD: to determine the set of process extended to Mach I operating conditions. We are now able to put together an overall "picture" of the fl ow structure in a thermal plasma jet: an initially laminar core surrounded by a turbulent boundary layer becomes unstable due to the untrainement of large cold gas vortices that initially coalesce in the jet fr inges and eventually penetrate into the central portions of the jet Based on this analysis. the ERC developed hot anode gas shielded (HAGS) plasma torch is designed to improve the operation of thermal plasma jets.
It is shown in Fig. II . The HAGS torch has a higher power efficiency than a conventional IX: torch of similar design.
Full implementation of the HAGS torch will result in more
effic ient use of electrical power. improved coating quality.
and more rapid coating deposition rates.
2) Th ermal Plasma Ch emical Vap or Deposition (TPCVD):
This offers the potential of filling the gap between high deposition-rate plasma spraying and low-deposition-rate high-quality film growth. Its goal is to extend high-rate coating processes to higher quality films and to provide the base for introducing this technology in manufacturing.
Since this process is a vapor-phase deposition processes, materials without a liquid phase, such as diamond and carbides, can be depOsition with very high film densities.
Our foc us in this new technology is on obtaining a detailed understanding of selected processes that have both immedi ate industrial interest and specific diagnostic value. We have chosen for this purpose high-rate deposition of diamond film, high Tc superconducting films. and nonoxide ceramic films such as SiC and BN. The specific objectives are to identify the most important process-control parameters influencing the film quality and devising guidelines for equipment and process control designs. Four parallel efforts are being pursued: I) characterization of the plasma and the precursors using modeling and diagnostics, 2) the develop ment of suitable film characterization methods, 3) empirical development of processes using statistical experimental design, and 4) the development of predictive models for TPCVD processes.
3) Plasma Sintering: The goal of this project is the im plementation of a rapid sintering process that makes use of process enhancements through plasma efforts. A knowledge base has bee n established including results of modeling and diagnostics of the process. Plasma gas composition, pressure, and powder processing history have revealed the strongest influence on the sintered densities of the In particular, hafnium is of signifi cance because it is a high-temperature material with excellent oxidation resis llIJ1Ce at elevated temperatures. It can be used, for example, as arc cathodes in oxidizing environments. However. its preparation is very difficult, and a powder metallurgi cal process would be very advantageous. By introducing hafnium powder into hollow graphite rods. which are then inserted into an RF plasma, sufficiently high temperatures were reached to allow the sintering of the material.
The strong interaction between the efforts within each of the projects is shown in Fig. ] Thrust area 4 depends crucially on the interaction of a broad spectrum of disciplines including plasma physics, mechanical. and microstructural properties of materials, tribology, corrosion chemistry. radiation interaction with matter and manufacturing systems analysis. These disci plines are tightly interwoven; the results of plasma physics modeling codes are used as input to the ion-materials inter action modeling codes that we use to predict implanted ion profiles. The implanted specimens are then characterized by a variety of surface analytical and tribological techniques.
Finally. tribological modeling is used to close the loop.
A major activity in thrust area 4 has been the design.
construction and operation of a new psn system that makes possible the extension of PSII to the IBED and ion beam mixing modes of operation described above. The extension to IBED and ion beam mixing modes will greatly enhance the class of industrial applications that PSII can address.
The new PSII system became operational in September
1990.
A major obstacle that currently hampers the progress of plasma modeling of the PSII process is the lack of a diagnostic to measure the ion species composition of the PSII plasmas. The species composition must be known to provide input data to the TAM IX code for the ion-materials-interactions studies. and a beuer understanding will be required for the IBEO development Another diagnostic need is a noninvasive technique to complement the probe measurements of sheath propagation. To address these needs, we are interacting with the ERC diagnostics support group to measure the ion species composition of the PSII plasma species, and to operate the newly installed laser-induced fluorescence (LIP) diagnostic on the new PSII system.
Besides analytic modeling, we are continuing the devel opment of detailed plasma simulation codes. In th is area, we are collaborating with the ERC theory and modeling support group. One code being developed uses the propagator (or Gree n's function) sOlution of the plasma kinetic equation.
The program includes all the relevant . atomic physics as well as electron emission at the target and the chamber wall.
The first implementation of the program will most likely be for a helium plasma followed by versions for nitrogen and other plasmas.
Another code is now capable of predicting the energy spectrum of bombarding ions. In the coming year we will compare these predictions with experimental measurements of two types: indirectly, by ex situ Auger profiling of silicon wafer test coupons, and directly, using a telemetered energy analyzer inside a model target. We also developing 2-0 and 3-0 codes to model PSII treatment of targets. As these codes evolve, they will be compared with 2-0 and 3-D measurements that are just now beginning to yield results.
IX. SEMICONDUCTOR APPLICATIONS OF PSII
Although PSII was originally conceived as an ion im pl antation process for nonsemiconductor applications, it has bee n demonstrated by other PSII groups (most notably the three-way collaboration between Applied Materials Corpo ration, University of California at Berkeley, arid Lawrence Berkeley Labs) that there are many very good applications of PSII in semiconductor processing. PSII achieves in a bell-jar type of environment the same ion implantation treat ment previously available only with beamJine accelerator technology. This opens up the possibility of incorporating the ion implantation process into other proCesses; �.g., to do in a single chamber both ion implantation and plasrria etching. PSII has particular advantages in the intermediate energy range from I keY to 20 keV; these energies are not well suited to either plasma etching processes at the low end, nor beamline implanters at the high end. Specific examples of PSII applications that might be attractive include: backside impurity guttering, shallow implants, ion implantation with rapid thermal annealing, and formation of insulating layers of AIN. We include in our strategic plan the shallow implantation of boron in silicon by' PSII in the summer of 1991, and then to implant submicron feature wafers etched by thrust area I in the spring of 1992. and Soren Bisgaard; and the ERC's Assistant Director, Marlene Barmish, without any of whom this paper could not have bee n written.
